Abstract In recent years, going green has become a strategic priority in manufacturing which has evolved from the growing awareness of the need for environmentally friendly processes and products. Recent trends in developing new machining strategies able to support environmental protection and prevention of pollution in balance with socioeconomic needs and technical requirements inevitably require significant efforts in fundamental understanding of the actual energy and material flows needed to meet the machining requirements. This paper describes the methodology and software, Global Reasoning for Eco-Evaluation of Machining, developed to evaluate the use phase of a machine tool system with respect to a consistent set of technical, economical, and environmental criteria, as a part of the NEXT European project. The evaluation, based on the analytic hierarchy process, is conducted at two levels: (a) the process/part level which considers the local cutting environment along with the "actors" that are directly involved in the cutting area, their relationships, and the phenomena that occur from their interactions and (b) the system level which gathers together the main specifications of the machine tool system and the energy requirements associated with various activities performed in order to support the material removal processes. Two database structures were defined in order to store the entire amount of data needed to perform the analysis at each level. A detailed example of the evaluation carried out at the first level demonstrated the superior performance of the dry and minimum quantity lubrication alternatives over their wet machining counterpart when cutting power, cutting fluid consumption, and the machining time were considered as criteria for the performance evaluation of various milling tests.
Introduction
Metal cutting processes are industrial processes in which metal parts are shaped by material removal processes involving the interaction between three main elements: the cutting tool, the material to be cut, and the cutting fluid. Application of the cutting fluids can be considered as a secondary requirement, even though they have become an integral part of the machining processes as this helps to reduce the temperature in the cutting zone, to transport chips, and to lubricate the tool-chip interface. Any discussion of cutting fluid requirements must include the fact that manufacturing impetus since the days of the industrial revolution is to machine parts at the highest rate of speed with maximum tool life, minimum downtime, and the fewest possible part rejects (scrap), all while satisfying accuracy and finish requirements [1] .
Another environmental aspect concerns energy. In the coming years, energy will be a decisive factor both in terms of cost and competitiveness, and substantial benefits could be gained if the overall energy requirements of various machining processes are decreased. However, careful consideration must be given not only to the energy required to remove a certain amount of material but also to the energy drawn by the auxiliary equipment of a machining system as well as to any other aspect that may influence the technical and economical performance of the system.
Process level considerations
The increasing environmental consciousness in society within the last few decades can be thought of as a reflection of numerous opportunities to improve the environmental performance of manufacturing, and the elimination of the cutting fluid used in machining processes seems to have great potential. Even though cutting fluids have been seen traditionally as a solution rather than a problem, they have a variety of environmental liabilities associated with human chronic diseases and costly schemes applied for their disposal. According to German automotive industry surveys, 7% to 17% of the manufacturing cost of components is attributable to cutting fluids when associated costs of cutting fluid procurement, monitoring, maintenance, health precautions, and absenteeism are taken into account and are several times higher than the tool costs which in the same report are quoted at 2% to 4% [2] .
The control of the occupational exposures and health effects and exposure assessment has been intensively studied [3] [4] [5] [6] [7] . Moreover, several organizations such as US Occupational Safety and Health Administration, US National Institute for Occupational Safety and Health, and US Environmental Protection Agency are very active in promoting health and safety guidance through substantial standards related to occupational exposure to metalworking fluids and aerosols.
These opportunities encouraged research into dry machining and the drastic minimization of cutting fluid use. However, the replacement of the basic functions of the cutting fluid during dry machining has proven challenging. The reduced use of cutting fluid in machining operations could result in lower tool life, increased tooling costs, and lowered productivity. For many manufacturers, this is an unacceptable compromise. Manufacturers must be convinced that for a particular application the benefits and savings from minimum quantity lubrication (MQL) and dry machining are not overshadowed by a potential for increased tool cost and lower productivity [8] .
It is important to find a way of accomplishing machining processes without or with little cutting fluid and, at the same time, promoting long tool life and good workpiece quality. The most widely implemented near-dry machining method is MQL which delivers tiny amounts of lubricant mixed with compressed air directly to the point of cut. Weinert et al. [9] provided an excellent reference about dry and MQL key technologies. This keynote paper highlights the problems encountered, lists and compares different technological solutions (cutting fluid formulations, tool substrates, and coatings), and summarizes the best application area between MQL and dry machining with respect to different materials and various machining processes.
In considering environmentally friendly machining processes, the interaction between economy, ecology, and technology has to be investigated. A conflict arises between these three factors, and a good compromise based on the accurate evaluation of a vast amount of data has to be sought [10] .
In the search for solutions and ways to improve machining processes, the definition of a "process unit" is a useful tool in order to develop relationships between manufacturing parameters and environmental impact. Munoz and Sheng [11] developed a manufacturing model by taking into account the material, energy, and time dimensions. Two main loss streams and their associated mass, namely the primary mass loss, which consists of chips generated in the process, and the catalytic mass losses consisting of the waste streams of the cutting fluid and the expended tools were identified.
Srinivasan et al. [12] developed a scoring scheme, Health Hazard Score (HHS), based on chemical species dose and effects along the dimensions of oral toxicity, inhaled toxicity, carcinogenicity, dermal irritation, eye irritation, flammability, and reactivity using information from databases pertinent to both the chemical industry and the occupational health and safety community. Two additional factors, the effect of waste stream on exposure route and the effect of site-specific conditions on waste containment and handling, were also included in the HHS index [13] .
In the case of milling process plan assessment, some sound models and software have been developed by the laboratory of Professor Sheng at the University of California, Berkeley proposing an integration of the environmental factors in process planning. The research was conducted at the microplanning level [14] and macroplanning level, respectively [15] , aiming to give the process planner the setups and the sequence of operations that decrease the total environmental burden.
Choi et al. [16] established an assessment model for manufacturing processes in terms of environmental impact for quantitative evaluation of product design. The assessment methodology was developed on the basis of the material balance of process and the relationship between different processes.
Addressing the cutting fluid as one of the main sources of environmental pollution and targeting minimization of the environmental impact related to cutting fluids, the Machine Tool-Agile Manufacturing Research Institute, developed an analytical cutting fluid evaluation tool in order to estimate the impact for flood and jet application of the cutting fluid in turning, milling and drilling processes. The Cutting Fluid Evaluation Software Testbed [17] out-puts quantitative information regarding the cutting fluid process performance, environmental impact, health and safety hazard scoring, and the costs for procurement as well as for treatment based on input information related to the cutting fluid type, application method, machining parameters, and site-specific factors.
The optimal selection of the cutting fluid to be used in a machining process was addressed by Tan et al. [18] who proposed a decision-making framework model considering jointly quality, cost, and environmental impact factors. The cutting fluid selection problem is also approached in [19] aiming to find the best performing cutting fluid when several different machining operations are to be performed on the same machine tool.
System level considerations
Process-centered efforts can be an extremely efficient means for achieving the goal of reducing environmental impact through the minimization of the amount of waste generated and by diminishing the release of hazardous substances. However, the machining processes cannot be considered as totally stand-alone processes but may be viewed as operational units within the machine tool system. Beyond the adoption of new machining strategies or changing the process parameters, opportunities for reducing the environmental impact reside also in the minimization of resource consumption, and within this category, one of the main concerns is the amount of energy consumed by the overall machining system in order to support the completion of the machining processes.
Generally, research studies focus on the cutting energy in machining systems, that is, the amount of energy required to remove a specific amount of material. However, from the point of view of green manufacturing, the energy consumption should be considered systematically for the whole machine tool system and not limited solely to the cutting energy which represents just a variable amount highly dependent on process parameters.
Challenged by the reduction of the energy consumption, the research community introduced and discussed new energy-related issues in machining. A qualitative interpretation of the energy consumption entailed by the peripheral equipment required for the preparation of the process which is not directly concerned with the cutting itself was provided in [20] . Other researchers carried out an experimental work and ascertained the importance of the energy consumption associated with non-production modes of various production machines [21, 22] .
In agreement with the Life Cycle Assessment (LCA) policy, Narita et al. [23] developed an evaluation system of the environmental burden generated in machining in terms of global warming potential which is calculated from the electric consumption of a machine tool, coolant, lubricant oil, cutting tool status, and metal chip and converted to equivalent CO 2 emissions by using appropriate emission intensity factors.
With tighter industrial regulations and environmental aspects across the globe, machine tool customers are becoming more and more interested in ecological machine alternatives. However, how well a machine tool system will be accepted as environmentally friendly depends also on the technical performances and economical impact imposed by the adoption of new technologies.
In the literature, various papers proposed decision support system models based on the analytical hierarchy process in order to solve the machine tool selection problem [24, 25] . The selection is made mainly based on process requirements with respect to technical and economical criteria. The presence or absence of certain features such as a mist collector or fire extinguisher in consideration of safety and environmental criteria can be considered in the selection, but no attempt to quantify the use phase energy consumption of the machine tool system was made.
Research aim and scope
The decision problem in today's manufacturing industry can be summarized as one simple question: How is it possible to achieve economic growth by taking advantage of the latest technologies while protecting the environment?
From the published work, it can be inferred that, due to the diverse nature of metal removal, there is no sovereign remedy that applies to all aspects of the machining processes. Making a choice between alternative machining strategies is not simple, especially when more than one criterion must be taken into account. If simultaneous improvements were feasible, then we could machine a part with zero cost, perfect quality, and no environmental impact which is totally unrealistic. Actually, the improvement of one factor is not always possible without the worsening of another one when considering a complex system and an elaborate set of criteria.
Motivated by these aspects, the scope of this research work is to develop tools and enhance knowledge related to the minimization of the environmental impact and to the reduction of the resource consumption in machining processes. The minimization or complete reduction of the cutting fluid in machining processes as well as the decrease of the energy requirements in machining could be a powerful indicator for sustainable manufacturing. Generally, there are two main ways to approach the contribution of machining systems and processes to the environmental load, either an absolute approach that makes a direct link to environmental effects such as ozone depletion, greenhouse effect, smog, etc…or a relative approach assuming that a reduction in the use of materials and energy yields an environmental benefit.
The framework introduced in this paper for the evaluation of the use phase of machine tool systems does not calculate explicitly the environmental impact but enables the evaluation of environmental factors in accordance with the aforementioned relative approach. Moreover, economical and technical aspects are also considered allowing the decision maker to be in a better position to make sustainable decisions.
Since the simultaneous improvement of all the criteria to be taken into account is almost impossible to achieve, the aim of the proposed method is to find a compromise solution by using the analytic hierarchy process (AHP) which provides a comprehensive and rational environment for structuring the decision problem at both process and system level.
3 General information on the evaluation methodology
What is an MTS?
The machine tool system (MTS) can be thought of as an evolution of a traditional machine tool endowed with numerical control and able to perform different mechanical work types on different faces of the same workpiece. Basically we can distinguish two main functions that must be satisfied simultaneously by the system in order to get the maximum technical, economical, and environmental benefits from the machining processes, namely to remove material and to support/control the material removal.
The former function is mostly concerned with the motions necessary to get the workpiece cut and the structural configuration of the machine tool, implicitly deciding the movement capabilities and the degrees of freedom of the system, whereas the latter function is assured by the control and peripheral equipment that gathers together all the auxiliary systems necessary to sustain and ensure free-of-trouble serviceability of the machine tool during its use.
Why consider the evaluation of the use phase?
Nowadays, a life cycle thinking approach is more and more preferred in the design of every product. LCA methods identify the material, energy, and waste flows associated with a product over its entire life cycle so that the environmental impacts can be determined. LCA aims to give a measure of environmental effects of the life cycle of a product as an average over time and location which means that LCA is not an appropriate tool to assess the environmental impact at a given location and moment, as is the case when the MTS is in use.
The environmental impact in the use phase of active products such as an MTS which generates other products can become easily more important than that from other life cycle phases. Use processes are performed by executing functions of the MTS. Most of the environmental impact in machining stems from energy use, but this does not result just from deliberated functions. It rather results from the behavior of each MTS subsystem responsible for a specific function. Unlike manufacturing or end of life phases which are under the direct control of corporations, the use of the system passes to the customer, which makes the environmental impact much more difficult to evaluate. Our interest is focused on the actual use phase when a clear delimitation between the machined product-specific and machined product non-specific use processes should be made.
How is the evaluation process structured?
Broadly speaking, the methodology envisages the evaluation of two main factors: the cutting area with its local effects and the activities of the peripheral equipment as long as the MTS is in use. Accordingly, the evaluation is conducted at two levels (see Fig. 1 ).
Level 1, purely experimentally based, considers the local cutting environment along with the "actors" that are directly involved in the cutting area, their relationships, and the phenomena that occur from their interactions. Level 2, based on the specifications of various MTS components and an energy consumption predictor module, characterizes the activities performed by the MTS during the use phase.
Nowadays, considering sustainable development stakes, no decisions in manufacturing could be made without considering environmental issues. In a complex system such as MTS, the environmentally friendly decisions could be taken at different levels since this complexity might offer the opportunity to initiate different actions intended to improve the overall performance of the system.
The elimination of hazardous substances from the machining processes is one of the actions that has led to the implementations of new machining strategies. One of these strategies, to be implemented at the process level, envisages reduction or even complete elimination of the cutting fluid from the machining processes. Another decision would be to increase the efficiency of the energy usage of the entire system. In order to produce a final part, the MTS has to process the part through several steps, with each step requiring a certain amount of energy.
Although significant information related to the performance of machine tools, machining processes, cutting tools, and materials already exists, there is no unified methodol-ogy to combine all this information to give a meaningful justification for the choice of a certain machining strategy in the manufacturing of a specific part. In other words, the methodology targets providing fundamental knowledge regarding the relationship between the effects of choosing a machining strategy defined by the corresponding cutting tool, cutting parameters, tool path, type and application method of the cutting fluid for a given workpiece material, and the impact generated by the entire machining system as a result of its employment.
Decision making can be regarded as a process of selection among several alternatives. An alternative refers to the choice between several possibilities all intended to accomplish a specific goal. At the process level, the focus is on various alternatives for cooling/lubrication of the cutting area whereas at the second level, the various possibilities to fulfill the auxiliary functions which generally provide assistance for the cutting activities are addressed.
What criteria for the comparison of the alternatives?
Reliable terms of comparison are needed to confront the pros and cons of every alternative. A set of consistent criteria is proposed as the basis of comparison. Each level counts on a number of distinct criteria, but both levels group the criteria under the same three categories: economical, technical, and environmental. The decision regarding the selection of the criteria for both levels has been supported by several arguments formulated on behalf of each alternative under the corresponding category. The criteria modeling scheme is open for rearrangements as the arguments provided reflect merely the vision of the authors on the classification of each criterion under a specific category.
Machining economics
Two criteria which present economical importance for the first level are the tool life and the machining time. The primary functions of the cutting fluid are to cool and to lubricate the cutting area. If no fluid is used, these functions seem to be taken over by the tool through coatings. On the one hand, the coating technology not only made dry machining possible but also raised the cost of the tool. On the other hand, the high cost of the tool may not be completely justified under wet or MQL conditions, which can meet the machining requirements with uncoated, less expensive tools due to the presence of the cutting fluid in the process. Thus, in order to clarify how the cutting tool and the process are affected by the alteration of the cooling/ lubrication conditions, experiments focused on the comparative measurement of the tool life are of major interest.
As is to be expected, an MTS should perform several operations for the purpose of reaching the final shape of a part. Each operation necessitates a certain amount of time to be completed. Any reduction of the time spent in machining a specific feature can be considered as an economical improvement of the process.
The shift of the economical analysis from the first level to the evaluation of the entire system brings into discussion two criteria: the cost, this time involving actions and components of the whole system, and the productivity. If the cost analysis is to be extended to the entire system, the focus is on aspects such as the initial capital expenditure, the additional costs resulting from the purchase of fixturing or any other auxiliary device, the cost for fixed and variable maintenance, the operator hourly wage, etc… Nowadays, the continuous demand for improvement in production of quality products through an efficient, effec- ... Fig. 1 Machine tool system overview tive use of the machining resources makes productivity one of the most important criteria to be considered in the evaluation of the MTS. To be more specific, MTS productivity is a measure relating a quantity or quality of machined products to the resources required to produce them and consequently depends on several specifications of the system such as spindle power, maximum cutting speed and feed, tool change time, pallet change time, rapid traverse rate, etc…
Technical aspects
Certainly, a thorough evaluation of a machining process when the question that arises is either to continue employing cutting fluids or to eliminate them completely must involve specific technical criteria. In consequence, cutting forces and the workpiece quality are proposed as criteria for the first level, whereas precision and flexibility/adaptability cover the technical aspects of the second level.
The cutting forces are widely recognized as a performance estimator of the machining processes. These forces, being the result of extreme conditions at the tool-workpiece interface, determine the spindle power requirements and bearings loads, cause deflection of the part, tool, or machine structure, and transfer energy to the machining system which may result in excessive cutting temperatures or unstable vibrations.
The quality of surface finish is considered as being a technical criterion since it is commonly specified along with linear and geometric dimensions and often determines how well a part performs. Each machining process ordinarily produces surface finishes in a certain range, and generally, to improve surface finish quality requirements implies additional processes and incurring increased machining costs. It is important that no better finish than really needed be specified for a surface. In the context of the developed methodology, the surface roughness is considered, as it is perhaps the most widely spread quality characteristic of a surface generated through a machining process.
Nowadays, machining systems with a high-quality precision design are compulsory in order to satisfy market needs. Hence, perhaps the most important factors affecting the quality of a machine and implicitly the quality of the final machined products are the accuracy, repeatability, and resolution of its components and the manner in which they are combined. These factors are critical because they affect every one of the parts that will be manufactured using the MTS. Any component that has a movement capability at the same time has an important contribution for the precision reached by the system.
The presence of various auxiliary systems made possible improved machine utilization, part scheduling efficiency, part setup, and handling time. In principle, an MTS with a higher degree of flexibility can handle a variety of similar or dissimilar part designs and can enable fast setups for new part designs to be introduced quickly into production. Flexibility depends on the number of axes, number of pallets, number of tools, the table size, the maximum travel value of each axis, etc…
Environmental concerns
In the past, machining decisions were usually made based only on improving the productivity level or quality of a product, so the process or material that has the shortest process time will eventually be chosen disregarding other aspects such as energy consumed or the impact generated by different waste streams issued during machining processes.
Dry and MQL machining offer great promise for reducing or eliminating various environmental issues associated with wet machining, mostly related to cutting fluid management along its use. Unlike a perishable cutting tool which is being continuously used and can wear off in a very short period of time, the cutting fluid can be used for a much longer period of time. The cost of the cutting fluid management is shared by all the parts machined during the useful life of the fluid. A different situation arises in the case of MQL since the application of the fluid is performed without any recovery. For the sake of consistency, the "cutting fluid consumption" criterion is exclusively considered as the rate the fluid is delivered in the cutting area and all the other aspects are neglected.
In the absence of the cutting fluid that could trap an important amount of particles generated, dry and MQL machining are inherently more likely to release metal dust which may pose both inhalation and explosion risks. Potential trade-offs need to be evaluated, in order to characterize the air quality of machining processes under dry, MQL, and wet conditions in terms of the size of particles generated, usually expressed in micrometers.
Energy, and particularly electricity, whose use has increased significantly since the start of the industrial revolution, is now an essential part of society, and the general perception about its consumption is mostly reflected in the price that has to be paid for its use. As a matter of fact, the biggest problem that should enhance the user's consciousness about energy consumption is the current way of producing energy that leads to enormous and possibly irreversible environmental damage. The energy criterion is shared by both levels and any reduction of its use pertaining either to the removal of a specific amount of material or to the requirements of the peripheral equipment can be considered as an environmental benefit.
Modern MTS should be configured to ensure a high level of protection for operator, environment, and the system itself. The identification of the system components along with their specifications that contribute to the preservation of a safer and cleaner working environment is an issue of high interest for the assessment of the control performance of unavoidable emissions released during machining.
Methodology overview
The adoption of new machining strategies is an important issue for any machine tool system. In real machining decision conditions, more than one criterion is present and the problem becomes a multi-criteria decision-making one. The methodology proposed involves the AHP technique applied for structuring decision hierarchies at both process and system levels.
A multi-criteria decision-making approach
Nowadays, gaining the maximum benefits during the use phase of an MTS is one of the main goals of the manufacturing industry, and therefore, an integrated approach that jointly addresses the assessment of different machining strategies and MTS aptitudes to accomplish potential tasks during its lifetime can lead to a harmonized and consistent decision.
In this article, we propose a multiple criteria decisionmaking approach for solving the evaluation of the MTS use phase when there are conflicting criteria. A multiple criteria decision-making approach seeks to find one or several satisfactory alternatives among a set of possible alternatives. Alternatives are judged by several criteria, which are conflicting in almost all real-life decision problems. By interaction with the decision maker, preference information is captured and used to evaluate alternatives.
The AHP method, firstly developed by Saaty [26] , divides a complicated system under study into a hierarchical system of elements. The whole task of the decision maker(s) is made simpler by constructing a hierarchy and developing a mathematical model that generates the priority values for different criteria and subcriteria as involved in the decision-making process.
The AHP helps to compare pairwise the criteria at a particular level of the hierarchy to find out which criteria the decision maker wants to set with the highest priority. While comparing those criteria qualitatively, some corresponding scale values are assigned to them. Table 1 shows the 1 to 9 scale with the corresponding interpretations.
These criteria comparison ratings a ij are generally used to develop a near consistent criteria comparison matrix. A consistent matrix is a positive reciprocal matrix n×n, whose
The elements a ij ; i; j ¼ 1; . . . ; n are the estimation of the dominance of the criterion i over j and satisfy the condition a ij > 0; a ij ¼ 1 a ji . Thus, the pairwise comparison matrices are positive reciprocal matrices.
Having a pairwise comparison matrix, the next step is to compute the priority vector which is the normalized eigenvector of the matrix. First of all, the sum of the ratings in each column is computed and then each element of the matrix is divided by the sum of its column. This is followed by the calculation of the normalized principal eigenvector which can be obtained by averaging the normalized relative weights across the rows. The normalized principal eigenvector is also called the priority vector and shows the relative weights among the criteria compared. Since it is normalized, the sum of all elements in the priority vector is 1.
Apart from the computation of the relative weights of the criteria, the consistency of the pairwise comparison should be checked. To do that, the principal eigenvalue is needed, which is obtained from the summation of products between each element of the eigenvector and the sum of columns of the reciprocal matrix. The eigenvalue is used to assess the strength of the consistency ratio of the comparative matrix and determine whether to accept the information.
Saaty [26] proved that for a consistent reciprocal matrix the largest eigenvalue is equal to the size of the comparison matrix that is λ max =n. In general a positive reciprocal matrix is inconsistent and λ max ≥n. Furthermore, since small variations in a ij cause variations in λ max , a measure of consistency called the consistency index (CI) was defined through the formula CI ¼ ðl max ÀnÞ nÀ1 . The calculated consistency index reflects the decision maker's judgment and should be compared with that of a randomly generated reciprocal matrix on the scale 1-9 which is called the random index (RI). The random index values are depicted in Table 2 .
The ratio of CI to the average RI for the same order matrix is called the consistency ratio (CR). If we are perfectly consistent, then the consistency measure will be equal to n, and therefore, the CI will become zero and so will the CR. As a rule of thumb, the CR should be about 0.1 or less with regard to an acceptable decision. If the CR is small, the estimates are accepted; otherwise, any higher value warrants a re-examination of the judgment.
The AHP hierarchical structure of the first level is depicted in Fig. 2. Unlike the process-level evaluation (first level), which applies a rating assignment procedure only for the criteria level, the system-level (second level) analysis needs more computation to achieve the preference index since the judgment is based on ordering the basis of comparison between alternatives in three levels: category, criteria, and subcriteria. The AHP hierarchical structure of the second level, defined using the approach of Cimren et al. [25] , is depicted in Fig. 3 .
A machining strategy can be capable of high technical performances but may be more harmful to the environment. Conversely, a strategy can offer important ecological gains but might be economically expensive and technically unsatisfactory. For instance, the use of cutting fluids in machining process guarantees a good surface finish, but in return, the cutting fluid use entails high costs and an important environmental burden related to its management. Dry machining could be a viable solution, since no fluid at all is used in the process, but if the same tool and machining parameters are kept, the tool will get worn faster engendering a surface finish that will hardly meet the specifications. Therefore, the decision maker has to make a compromise between several criteria in order to select a machining strategy for particular conditions.
Following the same logic, the compromise case also holds true for the second level. For instance, productivity, precision, and the energy consumed during the use of an MTS are matters of utmost importance. While the MTS precision is defined by its architecture and joints as well as the manufacturing and assembly quality of its components, productivity and energy consumption are also strongly dependent on the machining strategies. However, the trend is to get the most from the MTS in terms of productivity, experiencing elevated levels of precision with an amount of energy consumed that must be reduced as much as possible.
Process level evaluation
The impact assessment of a certain machining strategy is based on a set of experiments performed for a machining feature. The objective is to conduct simple studies at the local feature level for alternative strategies. An alternative strategy is defined by changing one parameter in the part process plan, a change that is supposed to bring an improvement of one or several aspects of the process performance. For each strategy created, a set of criteria that must fall under the economical, technical, and ecological categories is monitored. Generally, an MTS performs several machining processes in order to achieve the final shape of a part. An overview of the elements characterizing the evaluation at the first level is depicted in Fig. 4 .
The entire amount of data needed for the level 1 analysis is stored in the "Results" database whose structure is presented as an entity relationship diagram.
The first level approach is a feature-process-based approach. That is to say that for each feature belonging to a part, the "Results" database is requested to supply existing data related to machining that feature. At this initial stage, a given part is divided into its component features, and measurements made for each of these are sought among the tests existing in the database. This process is repeated for all the features contained in a part, and then, by an aggregation of the multi-criteria analysis results achieved for each feature, a final score for the overall part will be obtained that coincides with the accomplishment of the level 1 analysis.
Searching for the most appropriate strategy employed to machine a part is a process of selection among a number of machining alternatives under a pre-defined set of criteria. The total number of measurements made for each test is grouped by the entity "MeasuredCriteria". The 1:1 cardinality existing between the entities "Test" and "MeasuredCriteria" allows easy retrieval of the values of measurements done for a specific experiment. The list of criteria is opened for new entries by a simple operation of adding new attributes in the "MeasuredCriteria" entity. Very strongly preferred 9
Extremely preferred 2, 4, 6, 8 Halfway between the integers on either side Reciprocals of above
In comparing criteria i and j, if i is 3 compared to j, then j is 1/3 compared to i 
System level evaluation
The MTS assessment from the point of view of its capability to fulfill competitively different machining requirements during the use phase presents a high interest. In this respect, a realistic result cannot be pointed out only with an assessment of the cutting area occurrences. Therefore, in order to accomplish the evaluation, a second level that gives special attention to the activities of the peripheral equipment of the system is brought into the discussion. The output of the machining system mostly depends on the performances of the constituent subsystems. Imperative to the efficiency of the machine tool is the way the MTS capabilities are matched with the work to be done. The part range and the production strategy chosen should allow using the machine tool in the most efficient manner. A large reserve of resources incompletely exploited is very likely to result in a useless rise in cost.
The system is subjected to a trade-off between the same three main aspects as employed for the process evaluation: economy, technology, and ecology, as can be seen in Fig. 3 . A set of criteria and subcriteria is proposed under each category. The decision situation is characterized by both quantitative and qualitative subcriteria. Basically, the quantitative values assigned to each subcriterion represent technical and economical specifications of the main subsystems of the MTS contributing to the overall performance of the system while in use. The values corresponding to the three subcriteria under the criterion "Power/Energy" are also quantitatively expressed.
The idle power stands for the power drawn by a specific machine as long as it is turned on without performing any machining task. This value can be derived from measurements. The second subcriterion, the total rated power, represents the sum of the rated power values of all the electric components of the machine tool system. The part program energy resides on an analytical model that estimates the power requirements of the spindle and feed axes with respect to a given part program. By integrating these power requirements with respect to the machining time, the cutting energy can be obtained. In addition, the power requirements of the auxiliary equipment involved in the accomplishment of the part program, as derived from measurements, are also considered in order to determine the overall energy consumption of the MTS for the machining of a part. The "PartProgramEnergy" entity of the "Resource" database was designed for the storage of this information, under the "TotalEnergy" attribute.
The criterion "Emissions Control" is broken down into two qualitative subcriteria reflecting the system's capability for handling the emissions from the processes performed.
Information about the machine tool component performances forms one of the primary foundations necessary to enable manufacturing of any part to specifications and on schedule. The "Resource" database stores this information according to the entity relationship diagram presented in Fig. 5 .
Unlike the "Results" database that groups explicitly all the alternatives that refer to a specific machining strategy under the same entity entitled "Alternative", within the "Resource" database, the alternatives are found as records in every entity that describes one of the main subsystems of the MTS. This means that each record of a certain entity constitutes an alternative of a subsystem by describing physical components and their specifications designed to accomplish one of the MTS functions. One MTS alternative is outlined by gathering together corresponding alternatives for each subsystem.
The "Resource" database configuration makes suitable easy storage and retrieval of distinct MTS alternatives described in terms of specifications of system components. Furthermore, the representation of a new alternative starting from an MTS that underwent either a modification in the specifications of a certain system or has been retrofitted with a new system could also be easily achieved. These can be considered as derivations of a base MTS alternative (i.e., alternatives labeled as MTS 1.1, MTS 1.2, etc… in Fig. 3 ).
Implementation
The proposed methodology is implemented in a software tool (Global Reasoning for Eco-Evaluation of Machining) Fig. 4 Overview of the level 1 analysis based on Visual Basic for Applications. Microsoft Access was chosen as a database management system, allowing relatively quick development because all the tables, queries, forms, and reports can be stored in the database.
Level 1
The "Results" database, designed for easy data access, gathers data concerning tests performed by several MTSs. Input is taken through a user-friendly interface that helps the user both enter all necessary data and get the results of the analysis. The entire analysis is structured as a six-step procedure, with each step grouping specific actions.
& Step 1: Experimental table (retrieve machining data)
Initially, in the first step called "ExperimentalTable", the MTS that is to be analyzed has to be selected from a list containing all the names/types of the MTS introduced in the database. Simultaneously, the connection with the "Results" database is established and will be kept all the way through the completion of the level 1 analysis.
As soon as the connection has been established, the user can start the retrieval of the experiments in the database. After deciding on the MTS and on the workpiece material, the selection of the features, alternatives, and criteria will follow. Then the cutting tool specifications and cutting parameters will complete the database query. Once all the aforementioned elements are specified, the experimental table can be produced and the first step is complete.
&
Step 2: Criteria consistency (determine criteria relative weights)
The second step deals with the relative importance of the measured criteria specified by the user. The software determines the consistency of the decision maker's judgment and the weights to be assigned to the criteria based on which the evaluation is carried out following the AHP methodology.
& Step 3: Elementary analysis (evaluate an individual
feature over all criteria)
In the "Elementary Analysis" phase, which is the third step, the evaluation is done separately for each feature. This allows the user to identify contributions and options for setting parameters in the process plan of a part. In order to do so, a normalization procedure must be performed since the criteria values have different measurement units and their direct aggregation is not possible.
The normalization is performed by searching the minimum and maximum for each row in the experimental table, that is to say that for each criterion, the minimum and maximum experimentally determined feature evaluation values are sought among the values corresponding to all the strategies tested for a specific feature. Afterward, according to the direction of preference (minimization or maximization) setup for each criterion, two formulas apply:
Þ= max À min ð Þ for maximization, respectively, where v is the value to be normalized.
The normalized values are multiplied by the criteria' coefficient of importance assigned as a result of the application of the AHP. The results generated by this multiplication are summed across all criteria in order to gather together under one normalized value the contribution of each criterion involved in the evaluation of each alternative considered. For the same feature, the sums obtained are compared with each other with respect to the same alternative. Consequently, a ranking of the tests with respect to each alternative can be established, with the test that got the lowest sum being rated the best. Each test brings together a cutting tool, a set of cutting parameters, and a tool path in a unique combination.
&
Step 4: Global analysis (aggregate ranking of alternatives for machining a part)
The fourth step is the global analysis which relies on an aggregation of the results over all features belonging to a part from the previous step. The global analysis step will provide two outcomes: a ranking of all the alternatives considered and the best option for machining a part with respect to a set of criteria. The former outcome is based on the ranking of the total score of each alternative obtained by summing the scores of the best performing tests under the same alternative for every feature included in the evaluation. This offers a clear picture of the burden of each alternative, facilitating the user's judgment in choosing the alternative that best fits his or her needs.
The latter outcome proposes the best way to machine the part disregarding the clustering of the performed tests around one alternative. In this case, the best performing test is sought among all alternatives for each feature and then the corresponding values are summed.
& Steps 5 and 6: Graphical representation and reporting
The last two steps, namely the "Graphical Representation" and "Reporting", summarize through graphical tools and a text file the results obtained along the entire evaluation.
Level 2
The second level of the software addresses the performance of the entire machining system with respect to several criteria. The main steps to be followed for the completion of this analysis are described below:
The first step consists in the selection of two MTSs to be compared. If level 1 was completed, then the name of the MTS previously selected is transferred directly to the MTS selection input window. Although the software is developed under the consideration of a simultaneous comparison between several MTSs, the multiple MTS assessment part has not been implemented. Instead, the comparison is made between two systems defined as the MTS to be evaluated and the MTS reference, respectively.
&
Similarly to the first level evaluation, the AHP is used, which in this case is meant to evaluate what type of MTS is most appropriate for a machining scenario with respect to the hierarchical structure described in Fig. 3 .
& Step 3: Power requirements
In this step, the energy requirements of the spindle and feed axes of a machine tool system are estimated based on their specifications, machining data extracted from an APT file, and a cutting force module.
& Step 4: Specifications' table
The fourth step is only implemented for the Productivity and Power/Energy criteria. This step intends to gather together the numerical values for every subcriterion selected by the user for each MTS subjected to the evaluation. Basically, the same procedure as described for level 1 will be followed in order to support the user in his selection of the most appropriate MTS with respect to the criteria architecture considered.
& Step 5: Reporting
The last step shows the results in a graphical form and produces a report with the main outcomes of the analysis performed.
Example application
An illustrative example of the outcome of the first level analysis will be detailed in this section. Let us consider two types of features (i.e., planar face and contour/profile) belonging to the same part which were machined under three cooling/lubrication alternatives with different cutting conditions. The tests were entirely performed on the same machine tool by employing the same cutting tool (i.e., 20-mm-diameter end mill) and the cutting power, the machining time and the cutting fluid consumptions accounted for the measured criteria. All these information are collected from the user through a GUI and are used to query the "Results" database in order to identify the appropriate machining tests. All the data pertaining to the tests compliant with the user query are tabulated individually for each feature in the "ExperimentalTable" spreadsheet as depicted in Table 3 .
The retrieved tests are numbered with respect to the cutting conditions specified by the user during the database querying. The retrieval of the data satisfying the user requirements is followed by the criteria weighting. This involves pairwise comparison between the three selected criteria. Let us assume a pairwise comparison matrix as depicted in Table 4 .
According to the ratings given in the table above, the preference for the criterion "CuttingPower" is three times more important than the "CuttingFluidCons" and two times more important than the "MachiningTime", respectively. Since we have three criteria to be compared, one more comparison is needed to complete the reciprocal matrix. In this respect, the preference for criterion "MachiningTime" is as much as twice as important that the "CuttingFluidCons". It can be observed that the diagonal elements of the matrix are always one, and the lower triangular matrix is filled with the reciprocal values of the ratings assigned in the upper triangular matrix.
The next step is to normalize the matrix, that is, to calculate the sum of the ratings in each column and then divide each rating by the corresponding sum. The normalized principal eigenvector can be obtained by averaging across the rows (see Table 5 ).
The principal eigenvalue with respect to the first criterion is calculated by multiplying the average rating for each criterion with the scores in the first row one-ata-time followed by the sum of these products and the division of this sum by the average rating for the first criterion. This calculation, which involves a matrix multiplication, can be handled with the "MMULT" function available in Excel: 
The consistency index can be calculated as a function of the maximum eigenvalue estimated for the three criteria and the size of the matrix. Table 6 shows the main indices needed to ascertain the judgment consistency with respect to the criteria ratings pairwise comparison.
As soon as the judgment consistency has been validated (consistency ratio≤ 0.1), we can calculate the weight corresponding to each criterion by simply dividing the sum of each row by the total sum of the rows (see Table 7 ).
Since each criterion has a different measurement unit, a direct aggregation of the performances of each machining strategy alternative with respect to all criteria considered is not reasonable. Therefore, a normalization of the values stored in the "ExperimentalTable" spreadsheet is compulsory. In this example, we consider that all the three criteria are to be minimized which results in the employment of the minimization formula for the normalization process (i.e., normalized value=(criterion value−minimum row value)/ (maximum row value−minimum row value)). The normalized criteria values and normalized sums are stored in the corresponding tables in the "ElementaryAnalysis" spreadsheet as shown in Tables 8 and 9 .
This step (elementary analysis) is completed after the identification of the best performing machining strategy for each feature. Due to the minimization preference for the values recorded across all tests for the three criteria, the best performing test is indicated by the lowest normalized sum for each feature. As a result, the cutting parameters corresponding to test T124-1 in the presence of the MQL cooling/lubrication are preferred for the machining of the planar face feature whereas for the profile feature, dry machining and the cutting conditions corresponding to test T209 are better suited with respect to the criteria considered.
In the following step, the user will be provided with the ranking of the cooling/lubrication alternatives employed to machine one complete part considered as a sum of features. Basically, the global analysis relies on the individual performance of every feature previously analyzed and aggregates these performance values under one global score. The software provides also the best option to machine a part, which gathers together the best performing tests for each feature regardless of the cooling/lubrication method used (see Fig. 6 ).
In the previous figure, we notice that the smaller normalized values for each feature were obtained with respect to different cooling/lubrication alternatives. Generally, this situation is to be avoided in practice since the benefits of using one cooling/lubrication alternative can be overshadowed by the inconveniences yielded by the use of one of its counterparts. In this respect, it would be more preferable to machine all the features of one part with no fluid at all in order to avoid the contamination of the machine and chips as well as extra cleaning operations of the part. For our example, the dry machining of the part is the third option but its score came very close to the first two ranked options. The analysis performed points out the wet machining as the worst scenario with respect to the criteria selected. This is mainly due to the "Cutting Fluid Cons" criterion whose values were largely higher than the values assigned for the other two alternatives which were very close to zero (MQL machining) or even zero (dry machining). This aspect is illustrated in Fig. 7 which shows the contribution of each criterion in the performance of each cooling/lubrication alternative for each feature considered.
The data retrieval from the "Resource" database, the criteria rating, the weight assignment, the normalization procedure, and the searching process for the best performing alternative are followed in the same manner as described for level 1. A noticeable change consists in the increasing complexity of the criteria structure, and in the way, the energy criterion is dealt with.
Discussion
It is worthwhile mentioning that the software implemented to demonstrate the methodology concept is able to handle different machining strategies applied to machine features not only in the context of a complete part but also when Fig. 6 Overview of the global analysis results Fig. 7 Criteria contribution in the performance score of the best performing facing and contouring tests they are considered as individual features. In other words, there is no need to have features exclusively belonging to a part; just having several tests performed for the same feature with respect to several strategies and stored in the "Results" database is the only condition that must be fulfilled to make the evaluation possible.
Even though the analysis could be performed without considering the full set of criteria, for the purpose of an accurate analysis, it is preferable to have a complete database able to supply values for as many criteria as possible. At least one criterion from each category must be involved in the assessment if an insightful outcome is expected. For instance, productivity, precision, and energy consumption of an MTS can be considered together due to the strong interaction that exists between them. An increase in productivity can be associated with an increase in the automation level of the system so that the idle times could be drastically reduced but not without side effects since a higher level of automation would necessitate a greater amount of electricity from the power grid causing a higher environmental load. The quality of the final part is also reflected by the precision characteristics of the MTS components. If the quality prescribed for a part cannot be achieved by an MTS, additional processes or even additional MTSs are needed to meet the requirements, which means not only a reduction of the productivity rate but also the expenditure of a higher amount of energy.
At the first level, the analysis provides the best compromise solution either for the machining of individual features or for the machining of various prismatic parts through an aggregation of the performances of the component features. This outcome serves as a guideline for setting cutting parameters and tool cooling/lubrication alternatives to improve the performance of specific machining processes with respect to a consistent set of measured criteria characterizing the interaction between the tool, workpiece, and the cutting fluid. In addition, the contribution of each criterion in the total performance of an alternative is readily available allowing the decision maker to identify opportunities for further improvements.
Conclusions
In this paper, a unified methodology developed for the evaluation of the use phase of the MTS with respect to economical, technical, and environmental criteria was presented. Since the simultaneous improvement of all the criteria to be taken into account is almost impossible to reach, the method aims to find a compromise solution by using the AHP which provides a comprehensive and rational environment for structuring the decision problem at both process and system level. A consistent set of criteria and an entity relationship diagram have been introduced for each level. The reduction/ elimination of the hazardous substances (i.e., cutting fluid) and the reduction of the resource consumption (i.e., energy) are the main environmental considerations addressed by the two aforementioned levels.
The process level relies on measurement data stored in a database especially developed for this purpose and on the priority values assigned to a set of criteria in order to carry out a feature-/process-based performance assessment. Technical and economical specifications of the machine together with quantitative power data which can be derived either from rated power specifications of the various MTS components, analytical models, or from measurements are employed for the analysis carried out at the system level.
